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The structure of neutrons, protons, and other strongly interacting particles is now be-
ing calculated in full, unquenched lattice QCD with quark masses entering the chiral
regime. This talk describes selected examples, including the nucleon axial charge, struc-
ture functions, electromagnetic form factors, the origin of the nucleon spin, the transverse
structure of the nucleon, and the nucleon to Delta transition form factor.
1. Introduction
The challenge in using lattice field theory to solve nonperturbative QCD and un-
derstand hadron structure from first principles has been to solve full (unquenched)
QCD in the chiral regime of sufficiently light quark masses that one includes the
dynamics of the pion cloud and can reliably extrapolate to the physical quark mass.
During the past year, our collaboration has entered the chiral regime by un-
dertaking a series of full QCD calculations1 combining computationally economical
staggered sea quark configurations generated using the Asqtad improved action by
the MILC collaboration2,3 with domain wall valence quarks that have chiral sym-
metry on a discrete lattice. Use of these configurations has enabled us to treat pion
masses as light as 359 MeV in volumes with spatial dimension as large as 3.5 fm.
Initial results are presented below for five pion masses, 359, 498, 605, 696, and 775
MeV, as well as comparisons from the heavy pion world with SESAM full QCD
configurations4 using Wilson quarks at pion masses of 744, 831, and 897 MeV.
These proceedings will briefly summarize the experimental observables that are
calculable on the lattice and describe selected recent results. More details may be
found in recent reviews5,6,7, recent publications of our group8,9,10,11,1,12 and of the
QCDSF collaboration13,14,15,16.
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2. Nucleon Structure
Since asymptotic freedom renders QCD corrections to high energy scattering small
and calculable, high energy lepton scattering provides precise measurements of ma-
trix elements of the light-cone operator
O(x)=
∫
dλ
4π e
iλxψ¯(−λn2 )6 nPe
−ig
∫ λ/2
−λ/2
dαn·A(αn)
ψ(λn2 ),
where n is a unit vector along the light-cone. Expanding O(x) in local operators
via the operator product expansion generates the tower of twist-two operators
O
{µ1µ2...µn}
q = ψ¯qγ
{µ1 i Dµ2 . . . i Dµn}ψq,
whose matrix elements can be calculated in lattice QCD.
The familiar quark distribution q(x) specifying the probability of finding a quark
carrying a fraction x of the nucleon’s momentum in the light-cone frame and the
(n− 1)th moment of this distribution are specified by the diagonal nucleon matrix
elements:
〈P |O(x)|P 〉 = q(x), 〈P |O
{µ1µ2...µn}
q |P 〉 ∝
∫
dxxn−1q(x).
Analogous expressions in which the twist-two operators contain an additional γ5
measure moments of the longitudinal spin density, ∆q(x). The generalized parton
distributions H(x, ξ, t) and E(x, ξ, t) 17,18,19,20 are measured by off-diagonal matrix
elements of the light-cone operator
〈P ′|O(x)|P 〉=〈〈6 n〉〉H(x, ξ, t) + i∆ν2m 〈〈σ
ανnα〉〉E(x, ξ, t),
where ∆µ = P ′µ − Pµ, t = ∆2, ξ = −n · ∆/2, and 〈〈Γ〉〉 = U¯(P ′)ΓU(P ) for the
Dirac spinor U . Off-diagonal matrix elements of the tower of twist-two operators
〈P ′|O
{µ1µ2...µn}
q |P 〉 yield moments of the generalized parton distributions, which in
the special case of ξ = 0, are
∫
dxxn−1H(x, 0, t) = An,0(t),
∫
dxxn−1E(x, 0, t) = Bn,0(t),
where An,i(t) and Bn,i(t) are referred to as generalized form factors. The physical
observables considered in this work are special cases of these general expressions.
Nucleon axial charge
The nucleon axial charge, gA = 〈1〉∆q =
∫
dx∆q(x) ∝
∫
dx〈q¯γµγ5q〉, is a fun-
damental property of the nucleon governing β decay. It is an ideal test of lattice
calculations for several reasons. The isovector combination 〈1〉u−d∆q has no contribu-
tions from disconnected diagrams, it is accurately measured by neutron β decay, and
the functional dependence on m2π is known from chiral perturbation theory
21. Fur-
thermore, renormalization to account for the difference between regulating quantum
field theory with a lattice cutoff and in the continuum can be performed accurately
nonperturbatively using the five dimensional conserved current for domain wall
fermions. Thus, conceptually, it is a ”gold plated” test of our ability to calculate
hadron observables from first principles on the lattice, and in addition, since it is
known to be particularly sensitive to finite lattice volume effects that reduce the
contributions of the pion cloud, it is also a good test for an adequate lattice volume.
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Fig. 1. Nucleon axial charge, gA. The left plot shows our full QCD calculations in spatial box sizes
1.5 fm (right three error bars), 2.6 fm (next five points) and 3.5 fm (second error bar superposed
on the left-most point), compared with experiment (data point at far left). The solid line shows
a fit to the data using chiral perturbation theory and the dashed lines indicate the error band in
this fit. For comparison, the right graph adds the results by RBCK in a 1.9 fm box (three lowest
new points that touch the solid line) and by QCDSF/UKQCD (remaining new points).
The left panel of Figure 1 shows the results of our calculations in the heavy
and light pion regimes, together with a fit to a curve defined by chiral perturbation
theory21 that enables us to extrapolate the calculations to the physical pion mass.
Note that the extrapolation goes through the experimental point, and that the
dashed lines denote the errors in the extrapolation arising from the errors in the
poorly determined counter-term in the chiral expression for gA. Also note that
at the lowest pion mass, measurements were made in lattice volumes of 2.6 fm
and 3.5 fm with statistically indistinguishable results, indicating the absence of
finite volume corrections at this lattice size. For comparison, the right hand graph
shows the two other calculations of gA in full QCD. The three points by the RBCK
collaboration22 in a 1.9 fm box are consistent with our results within statistics,
whereas the QCDSF/UKQCD results in 1.5-2.2 fm boxes lie uniformly lower than
our results and experiment. The axial charge is the most completely analyzed and
theoretically controlled of our calculations in the light quark regime, and clearly
demonstrates the quantitative potential of lattice QCD with the emerging level of
computational resources.
Quark momentum fraction
The quark momentum fraction, 〈x〉q =
∫
dxxq(x) ∝
∫
dxq¯γµDνq, is particularly
interesting physically, because it reflects the fact that a large fraction of the momen-
tum is carried by gluons rather than quarks. Figure 2 shows the flavor-nonsinglet
difference between the momentum fraction of up and down quarks, which has no
contributions from presently uncalculated disconnected diagrams and thus may be
compared directly with experiment.
In contrast to the case of the axial charge, chiral perturbation theory yields a
significant dependence of the momentum fraction on the pion mass. The left panel
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Fig. 2. The left graph shows a curve with chiral perturbation theory behavior at small pion
masses adjusted to fit full QCD and quenched results at large pion masses. The right plot shows
preliminary full QCD calculations extending down to the chiral regime as described in the text.
The left-most data point, denoted by an open circle, corresponds to a 359 MeV pion mass and
volume 3.5 fm, and the diamond denoting the same mass in a 2.5 fm volume has been shifted
slightly to the right for visual clarity. The star at the left in each graph denotes the experimental
value.
indicates this dependence by extrapolating calculations in the heavy pion regime
using the functional form11 a[1−
(3g2a+1)m
2
pi
(4πfpi)2
ln(
m2pi
m2pi+µ
2 )] + bm
2
π.
The right panel shows the results with chiral valence quarks and MILC configu-
rations at the five light masses as well as the heavy quark SESAM results denoted
by open diamonds. The light quark calculations are renormalized by calculating
in perturbation theory the ratio of the renormalization factor for the operator of
interest to the corresponding renormalization factor for the axial current and mul-
tiplying by the nonperturbative renormalization constant for the axial current12.
Figure 3 shows the ratio of the spin averaged momentum fraction, 〈x〉q , to the spin-
dependent fraction 〈x〉∆q. In this case, the ratio is nearly mass independent and
yields excellent agreement with experiment.
Other observables
Space limitations preclude showing other results presented in this talk, so we
shall refer briefly here to two other proceedings where these results have recently
been published5,6.
The electromagnetic form factors F1 and F2, corresponding to A10 and B10
defined above, characterize the spatial distribution of charge and current at low
momentum transfer and the ability of a single quark to absorb a large momentum
transfer and remain in the ground state. Figure 1 of Ref. 6 shows how the slope
of F1 increases as the pion mass decreases, reflecting the increase in the spatial
extent of the pion cloud and how the rms radius extracted from this slope lies
on a curve parameterized in terms of chiral perturbation theory that is consistent
with experiment at the physical pion mass. Figure 2 of Ref. 6 shows that the Q2
dependence of F2 is consistent with that predicted by the next to leading order
light-cone wave function23 F2 ∼ F1log
2(Q2/Λ2)/Q2, which agrees with recent Jlab
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Fig. 3. QCD predictions for the ratio of the spin-averaged momentum fraction, 〈x〉q , to the spin-
dependent momentum fraction, 〈x〉∆q , compared with the experimental result (denoted by the
star at the left).
data24.
The total quark contribution to the nucleon spin25 is given by the extrapolation
to t = 0 of Au+d20 (t) and B
u+d
20 (t), and the contribution of connected diagrams is
shown in Figure 5 of Ref. 5 for the case of an 897 MeV pion. Combined with the
calculation8 of ∆Σ = 〈1〉∆u+ 〈1〉∆d, which yields the contribution of the quark spin
to the nucleon spin, we learn that considering connected diagram contributions in
the heavy quark regime, 68% of the nucleon spin arises from quark spin, and 0%
arises from quark angular momentum. Similar results have been obtained in Refs.
13,26. Evaluation of disconnected diagram contributions and extension to the light
quark regime will reveal the full origin of the nucleon spin.
Burkardt has shown27 that the generalized parton distribution H(x, 0, t) is the
transverse Fourier transform of the quark distribution, q(x, r⊥), so the generalized
form factor, which can be calculated on the lattice7,9,10,14, measures its moments:
An,0(−∆
2
⊥) =
∫
d2r⊥
∫
dxxn−1q(x, r⊥) e
i~r⊥·~∆⊥ .
Physically, we expect that as x→ 1, the transverse distribution approaches a delta-
function δ(r⊥), and the slope of the form factor therefore approaches zero. Figure
6 of Ref. 5 bears out this expectation, showing that the slope of the form factor
Au−dn,0 (t) decreases dramatically for higher moments weighting large x, and that the
transverse rms radius decreases strongly with the average value of x.
The experimental method of choice to reveal the presence of deformation in the
low-lying baryons is measuring the N - ∆ transition amplitude, where non-vanishing
electric quadrupole (E2) and Coulomb quadrupole (C2) amplitudes are signatures
of deformation in the nucleon, Delta, or both. It is convenient to measure the ratio
of the electric to magnetic form factors, REM = −GE2(q
2)/GM1(q
2) and of the
Coulomb to magnetic form factors, RSM = −|~q|GC2(q
2)/2m∆GM1(q
2). Figure 4 of
Ref. 6 shows the results of a new lattice method that for the first time has the
precision to measure non-vanishing REM and RSM ratios
28,29, and extrapolation
November 15, 2018 0:12 WSPC/INSTRUCTION FILE Beijing05h
6 J. W. Negele
of these quenched results in the heavy pion regime to the chiral limit yields results
qualitatively similar to experiment.
Acknowledgements
This work was supported by the DOE Office of Nuclear Physics under con-
tracts DE-FC02-94ER40818, DE-FG02-92ER40676, and DE-AC05-84ER40150, the
EU Integrated Infrastructure Initiative Hadron Physics (I3HP) under contract RII3-
CT-2004-506078, and the DFG under contract FOR 465 (Forschergruppe Gitter-
Hadronen-Pha¨nomenologie). Computations were performed on clusters at Jefferson
Laboratory and at ORNL using time awarded under the SciDAC initiative. We are
indebted to members of the MILC and SESAM collaborations for the dynamical
quark configurations which made our full QCD calculations possible.
References
1. D. B. Renner et al., Nucl. Phys. Proc. Suppl. 140, 255 (2005), [hep-lat/0409130].
2. K. Orginos, D. Toussaint and R. L. Sugar, Phys. Rev. D60, 054503 (1999), [hep-
lat/9903032].
3. K. Orginos and D. Toussaint, Phys. Rev. D59, 014501 (1999), [hep-lat/9805009].
4. N. Eicker et al., Phys. Rev. D59, 014509 (1999).
5. J. W. Negele et al., Jour. of Physics Conf. Series 16, 150 (2005).
6. R. Richards et al., Jour. of Physics Conf. Series 16, 174 (2005).
7. J. W. Negele et al., Nucl. Phys. Proc. Suppl. 128, 170 (2004), [hep-lat/0404005].
8. D. Dolgov et al., Phys. Rev. D66, 034506 (2002).
9. P. Ha¨gler et al., Phys. Rev. D68, 034505 (2003).
10. P. Ha¨gler et al., Phys. Rev. Lett. 93, 112001 (2004), [hep-lat/0312014].
11. W. Detmold, W. Melnitchouk, J. W. Negele, D. B. Renner and A. W. Thomas, Phys.
Rev. Lett. 87, 172001 (2001).
12. B. Bistrovic et al., (2005), In preparation.
13. M. Go¨ckeler et al., hep-ph/0304249.
14. M. Go¨ckeler et al., Nucl. Phys. Proc. Suppl. 140, 399 (2005), [hep-lat/0409162].
15. M. Go¨ckeler et al., hep-lat/0501029.
16. A. A. Khan et al., Nucl. Phys. Proc. Suppl. 140, 408 (2005), [hep-lat/0409161].
17. D. Mu¨ller, D. Robaschik, B. Geyer, F. M. Dittes and J. Horejsi, Fortschr. Phys. 42,
101 (1994).
18. X.-D. Ji, Phys. Rev. Lett. 78, 610 (1997).
19. A. V. Radyushkin, Phys. Rev. D56, 5524 (1997).
20. M. Diehl, Phys. Rept. 388, 41 (2003).
21. T. R. Hemmert, M. Procura and W. Weise, Phys. Rev. D68, 075009 (2003), [hep-
lat/0303002].
22. S. Ohta and K. Orginos, Nucl. Phys. Proc. Suppl. 140, 396 (2005), [hep-lat/0411008].
23. A. V. Belitsky, X.-d. Ji and F. Yuan, Phys. Rev. Lett. 91, 092003 (2003).
24. O. Gayou et al., Phys. Rev. Lett. 88, 092301 (2002).
25. X.-D. Ji, Phys. Rev. Lett. 78, 610 (1997), [hep-ph/9603249].
26. N. Mathur, S. J. Dong, K. F. Liu, L. Mankiewicz and N. C. Mukhopadhyay, Phys.
Rev. D62, 114504 (2000).
27. M. Burkardt, Phys. Rev. D62, 071503 (2000).
28. C. Alexandrou et al., hep-lat/0409122.
29. C. Alexandrou et al., Phys. Rev. D69, 114506 (2004), [hep-lat/0307018].
